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Yeast Ku protein plays a direct role in telomeric silencing and
counteracts inhibition by Rif proteins
Krishnaveni Mishra and David Shore
Yku70p/Yku80p, the yeast Ku protein homologue, is a
DNA end-binding heterodimer involved in non-
homologous end joining. It also binds to telomeres,
where it plays an important role in the maintenance of
telomeric DNA structure [1–5]. Ku protein, together with
Rap1p, a telomeric DNA (TG1–3 repeat)-binding protein, is
also required to initiate transcriptional silencing, or
telomere-position effect (TPE). Here, we provide evidence
for a direct role of Ku in TPE, which is most likely to be in
either the recruitment or activation of Sir4 protein at the
telomere. Surprisingly, however, the essential role of Ku
in TPE is to overcome the inhibitory effect of two Rap1p-
interacting proteins, Rif1p and Rif2p, both of which also
play an important role in telomere length regulation [6,7].
Previous studies showed that Rif and Sir proteins
compete for binding to the carboxyl terminus of Rap1p
[7–9]. In the absence of this competition, for example,
when RIF genes are mutated, Ku is no longer necessary
for TPE, whereas the Rap1p carboxyl terminus is still
absolutely required. We show that Rif1p is localized to
telomeres, indicating that its inhibitory effect on TPE is
direct. Our data implicate a role for Ku in the competition
between Sir and Rif proteins for access to the telomeric
array of Rap1p molecules, which results in a balance
between telomeric silencing and telomere length control.
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Results and discussion
Rif1p localizes to telomeres
Rif1p interacts with the telomere-binding protein Rap1p
in the yeast two-hybrid system [6]. Furthermore muta-
tions in RIF1 cause telomere elongation and increased
TPE [6,9,10], suggesting that Rif1p acts directly at telom-
eres. To determine whether Rif1p is actually bound to
telomeres in cells, we localized a Myc-epitope-tagged
version of Rif1 (Rif1–9xMyc) by immunofluorescence
microscopy. Rif1–9xMyc was located only within nuclei,
where it was concentrated in a few (typically 3–6) bright
foci (Figure 1). This pattern is reminiscent of the localiza-
tion of other telomeric proteins, such as Rap1p, Sir3p, and
Sir4p [11,12]. To determine whether the Rif1–9xMyc
staining was indeed telomeric, we localized Rap1p in the
same cells. In most nuclei in which Rif1p staining was
clearly detected, the majority of foci co-localized with
strong Rap1p staining (Figure 1), in what we presume to
be telomere clusters. These data demonstrate directly that
Rif1p is present at telomeres, consistent with previous
genetic and hybrid-protein studies [6,13].
Mutations in RIF1 and RIF2 restore TPE in yku mutant cells
We and others have noted that yku70 mutants are
severely defective in telomeric silencing (Figure 2a;
[2–4]), as measured by the ability of yku70 cells contain-
ing a telomeric URA3 gene to form colonies on medium
containing 5-fluoroorotic acid (5-FOA; [14]). Strikingly,
rif mutations restored TPE in yku70 mutant cells, such
that rif1 yku70 mutants had nearly normal levels of TPE
and rif1 rif2 yku70 triple mutants were essentially indis-
tinguishable from wild type (Figure 2a). The same effect
was observed with yku80 rif mutant combinations (data
Figure 1
Localization of Rif1p to telomeres. Immunofluorescence was carried
out as described in the Materials and methods. (a) Yeast strain
expressing Rif1p–9xMyc stained with anti-Myc antibodies.
(b) Counter-stain of the cells shown in (a) with DAPI to indicate the
nuclear localization of Rif1p foci. In (c–e) cells were stained for
(c) Rif1p–9xMyc and (d) Rap1p. The merged images are shown in (e).
The overlap of the two signals appears yellow.
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not shown). A recent study showed that clustering of
telomeres near the nuclear periphery is lost in yku
mutants and suggested that this might explain the loss of
TPE in these cells [3]. Although our data are not incon-
sistent with a role for peripheral nuclear localization in
TPE, they suggest instead that the essential role for Ku
proteins in telomeric silencing is to overcome the
inhibitory effect of Rif proteins (see below).
Telomere length, and thus the number of telomeric
Rap1p-binding sites, also increases when rif mutations are
introduced into the yku70 background (Figure 2b). This
modest increase in telomere length might explain the
restoration of silencing observed, given that increased
telomere length in wild-type cells has been shown to
improve TPE [10]. Therefore, to understand the mecha-
nism of suppression by rif mutations it is important to be
able to measure the effect of telomere length alone on
TPE in yku mutants.
Rif mutation and telomere elongation have independent
effects on TPE in yku mutants
We generated isogenic yku70 clones with marked telomeres
of different average lengths by crossing a yku70 RAP1 strain
with a YKU70 rap1–17 adh4::URA3 tel VIIL strain, which
lacks the Rap1p carboxyl terminus and thus has extremely
elongated telomeres [15]. The resulting diploid was sporu-
lated in order to obtain yku70 RAP1 haploid cells that had
inherited the chromosome containing the elongated URA3-
marked telomere. In the experiment shown in Figure 3, we
examined four yku70 RAP1 spore colonies that carried the
URA3-marked telomere. All of these spore colonies had
extremely elongated TG1–3 tracts at the marked telomere
and displayed significant levels of TPE (Figure 3a,b), indi-
cating that telomere elongation per se can be sufficient to
restore TPE in yku70 mutants. In contrast, a yku70 rap1–17
spore colony exibited no measurable TPE despite having
an even longer marked telomere (Figure 3a,b).
The four yku70 RAP1 spore colonies were then re-streaked
three times and individual colonies were tested each time
for TPE and telomere length. As shown in Figure 3c,d, the
yku70 segregants rapidly lost TPE, concomitant with a
reduction in the length of the TG1–3 repeat tract at the
marked telomere. Significantly, cells in which the marked
telomere was either of wild-type length or slightly greater
(Figure 3c,d) had reduced TPE (100–1000-fold less than
wild type), whereas cells with telomere lengths similar to
those of the rif1 yku70 double mutants were either severely
or totally defective in TPE (Figure 3c,d). Thus, restoration
of TPE by increased telomere length in yku70 mutants
requires extreme telomere elongation (~400–500 bp).
Therefore, the relatively small increase in telomere length
caused by mutation of RIF1 in yku70 cells (~100 bp) cannot
explain its strong effect on TPE. Experiments described
below indicate instead that the major effect of RIF muta-
tion relevant to TPE is the relief of competition with Sir
proteins for access to telomere-bound Rap1p.
Sir proteins are limiting at telomeres in yku70 mutants
The above results suggested that Ku might provide an
alternative mechanism for Sir protein recruitment at the
telomere, which is necessary only in the presence of Rif1p
and Rif2p, competitive inhibitors of Sir binding by the
Rap1p carboxy terminus [7,8]. One prediction of this
model is that simply increasing SIR gene dosage would be
sufficient to at least partially restore TPE in yku70
mutants. As shown in Figure 4, the presence of SIR4 on a
high-copy plasmid greatly improved TPE in a yku70
mutant, whereas SIR3 had a smaller, but reproducible
effect. This is a striking result considering the fact that
SIR3 (and not SIR4) is limiting for TPE in wild-type cells
[16] and that increased SIR4 dosage usually has a domi-
nant-negative effect on silencing [17]. The data in
Figure 4, taken together with these two previous observa-
tions, thus support the notion that yku70 mutants are
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Figure 2
Effect of rif mutations in yku70 strains. (a) Mutations in RIF suppress
the TPE defect of yku70 strains. All strains shown in this experiment
were modified to carry a telomeric URA3 reporter at the adh4 locus
of Chromosome VIIL. Tenfold serial dilutions of overnight cultures
were spotted onto SC (complete medium) and SC + 0.1% 5-FOA
plates in 5 µl aliquots. The plates were photographed after incubation
for 2–4 days at 30°C. (b) Telomere tracts are elongated in yku70
strains carrying rif mutations. Genomic DNA was isolated from the
indicated strains (two independent isolates for the yku70 and yku70
rif mutants), digested with XhoI, and analyzed by Southern blotting
using a dGT:dCA probe. Telomeres containing a Y′ element
produced a broad band at ~1.2 kb in the wild-type strain (WT), which
is shown for comparison. 
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specifically defective in recruiting Sir4p to the telomere.
Consistent with this idea, Yku70p interacts with Sir4p in
the yeast two-hybrid system [18]. An alternative, but not
mutually exclusive explanation for these data is that loss
of Yku70p releases telomeres from the nuclear periphery
[3], where a high Sir protein concentration favors silencing
[19]. Increased SIR4 (and to a lesser extent SIR3) gene
dosage may partly compensate for this effect by elevating
Sir protein levels throughout the nucleus.
Yku70p can establish silencing when targeted to a
defective silencer or telomere
If the Ku heterodimer were to act in TPE by recruiting
Sir4p (or other Sir proteins) directly, it should be possible
to initiate silencing at a specific locus by tethering the Ku
protein there. To test this idea we fused YKU70 to
sequences encoding the Gal4p DNA-binding domain
(Gbd) and targeted this hybrid to Gal4p binding sites
(UASg) placed at different loci. In the first experiment
we used a modified adh4::URA3 telomere containing four
UASg sites between the TG1–3 repeats and the URA3
reporter gene. This strain also contained the rap1–17
mutation and was thus completely defective in TPE
(<10–5 FOA-resistant cells), because of the inability of
the truncated Rap1p to recruit the Sir complex. Expres-
sion of Gbd–Yku70 in this strain restored strong TPE
(fraction of FOA-resistant cells = 0.49), which was indis-
tinguishable from that seen with Gbd–Rap1p and
Gbd–Sir4p. Gbd–Yku70p also restored strong SIR-
dependent silencing when targeted to an HMR silent
mating-type locus containing the TRP1 reporter gene and
a defective HMR-E silencer, as measured by a ~105 drop
in colony formation on medium lacking tryptophan.
(Similar results have been reported recently by Martin
et al. [20].) Thus, Yku70p is capable of initiating silencing
at a locus where it does not normally act, provided that
the protein can be targeted there. These experiments
support the idea that Yku70p itself can recruit Sir protein
complexes to the chromosome and initiate silencing.
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Figure 3
Increased telomere length restores TPE in
yku70 mutant cells. (a) Four independent
RAP1 yku70 segregants containing a URA3-
marked telomere were tested for URA3
expression as described in Figure 2. A yku70
rap-17 and a wild-type (WT) spore colony
obtained in the same cross are shown for
comparison. The last row is the heterozygous
diploid parent. (b) Southern blot of relevant
spore colonies showing the length of the
URA3-marked telomere. Genomic DNA from
the cultures tested in (a) was digested with
HindIII, and the resulting Southern blot was
probed with the URA3 gene. The uniform
1.1 kb band in every lane is the genomic copy
of URA3 and the broad band at variable
positions is the telomeric URA3 fragment.
Note that lanes within the lower bracket
(1–6) are haploid segregants derived from
the diploid shown in lane 7. The genotypes of
the spore colonies tested are indicated on
top of each lane. YG14 (WT), YG345
(yku70), and YG342 (yku70 rif1) are all
adh4::URA3 tel VIIL-marked strains shown
for comparison. (c,d) Four different yku70
spore colonies from (a) were streaked out
onto YPD plates and incubated for 2 days.
This re-streaking was done three times in
succession (I-III). Individual colonies from
each re-streak were tested for (c) telomeric
URA3 expression and (d) the length of the
modified Chromosome VIIL telomere. Arrows
in (d) indicate positions of yku70, yku70 rif1,
and wild-type telomeres.
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Figure 4
Sir4p is limiting at the telomeres in yku70 mutant strains. A haploid
yku70 mutant containing an adh4::URA3 telomeric reporter at
Chromsome VIIL (YG545) was transformed with high-copy number
(2 µm) plasmids containing either SIR3, SIR4, or no yeast insert and
tested for TPE as described in Figure 2.
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The results reported here establish Yku70p as a second
telomere-binding protein (after Rap1p) that acts to initiate
TPE by recruiting Sir proteins to the telomere. More
importantly, they indicate that the role of Ku in TPE is reg-
ulatory in nature, as its function is not required in the
absence of the inhibitory effect of Rif proteins. In contrast,
the Rap1p carboxyl terminus is essential for TPE in rif
mutants. Although RIF mutations cause telomere elonga-
tion [6,7,21], which can itself increase TPE ([10]; Figure 3),
this effect alone is insufficient to explain the effect of RIF
mutations on TPE in yku mutants. Previous two-hybrid
studies suggested that Rif proteins inhibit TPE by compet-
ing with Sir proteins for binding to the Rap1p carboxyl ter-
minus at telomeres [8,9]. The present data thus implicate a
direct role for Ku protein in this competition, and under-
score the complexity of the protein–protein interactions
governing telomeric silencing and the extent to which its
regulation is connected to the control of telomere length.
Despite this elaborate control of Sir protein localization
and function, a clear biological role for these factors at the
telomere has yet to emerge, prompting speculation that
their important sites of action are elsewhere in the genome
[22,23]. It is now clear that one site of Sir protein action is
the nucleolus, where the Sir2/3/4 protein complex appears
to counteract events within the rDNA repeats that lead to
cellular senescence [24]. Recent studies indicate that Sir
proteins are released from the telomeres in response to
DNA damage and are re-localized to sites of damage where
they might play some role in repair [20,25]. Finally, it is
important to emphasize that Ku is also a DNA end-binding
protein with an essential role in non-homologous end-
joining, a reaction that must be specifically inhibited at
telomeres. It will be interesting to see whether the intri-
cate interplay between Ku, Sir, and Rif proteins described
here plays some role in the mechanism(s) that allows cells
to distinguish telomeres from broken DNA ends.
Supplementary material
Supplementary material, including tables showing targeted gene
silencing by a Gbd–Yku70 hybrid and strains used in this study, and
additional methodological details, is available at http://current-
biology.com/supmat/supmatin.htm.
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S1
Supplementary materials and methods
Plasmids
All plasmids used for targeted silencing experiments were expressed
from the RAP1 promoter on the CEN-HIS3 vector pRS313 [S1]. To
construct Gbd–Yku70p, the full-length YKU70 gene as an EcoRI–SalI
fragment from LexA-Yku70 (kindly provided by H. Ikeda) was fused in-
frame with the Gbd of pGBDU-C1 [S2], and the SphI–BglII fragment
containing Gbd–Yku70p was transferred to pRS313, and fused to the
RAP1 promoter. This clone complements the temperature sensitivity,
TPE defect and telomere-length phenotypes of yku70 mutants. Gbd
and Gbd–Rap1p are described in [S3], and Gbd–Sir3p and
Gbd–Sir4p in [S4].
Yeast strains 
Yeast strains used in this study are all isogenic derivatives of W303
[S5], and are listed in Table S2. Growth and manipulation of yeast
strains was carried out using standard procedures [S6].
Yeast manipulations
Spot assays for silencing were performed by placing 5 µl aliquots of
tenfold serial dilutions of overnight cultures onto plates containing the
appropriate selective media. Plates were photographed after 2–3 days of
incubation at 30°C, or 4–5 days for FOA plates. Epitope tagging of RIF1
was performed by targeted integration of a PCR product containing nine
Myc epitopes followed by the Kluyveromyces lactis TRP1 gene as a
selectable marker (W. Zachariae and K. Nasmyth, personal communica-
tion). The resulting RIF1::9xMyc allele displayed near wild-type telomere
length. A haploid transformant expressing a protein of the expected size
was later diplodized for better visualization of the Rif1–9xMyc nuclear
signal. No cross-reacting band could be detected by western blotting in
wild-type or rif1 mutant strains not containing a Myc epitope tag. Correct
integration of tags and disruptions were confirmed by Southern blotting.
Telomere blots
DNA was isolated from overnight cultures and 1 µg was digested
with XhoI or HindIII for 4–5 h. DNA was electrophoresed through
0.8% agarose, transferred to nylon membranes (Hybond), and used
for hybridization.
Immunofluorescence
Immunostaining was performed as described [S7]. Protein G-purified
9E10 monoclonal antibody (hybridoma cell line kindly provided by G.
Evan) was used to detect the Myc tag, and affinity-purified anti-Rap1p
antibody (generous gift of J. Berman) was used at a 1:1000 dilution to
detect Rap1p. FITC-conjugated anti-mouse and rhodamine-conjugated
anti-rabbit secondary antibodies were purchased from Jackson Labora-
tories and used at a 1:200 dilution. 9E10 monoclonal antibody did not
give any signal above background in strains not containing a Myc tag.
Antibody incubations were carried out in humid chambers at 30°C;
DNA was stained with 4′,6′ diamidino-2-phenylindole (DAPI; 1 µg/ml);
and slides were mounted in Prolong antifade (Molecular Probes). Stain-
ing was observed on a Zeiss Axiovert S100 microscope with a 100×
objective. Images were captured on a Hamamatsu C4742-95 camera
using Openlab 2.0.4 software.
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Table S1
Yku70p can establish silencing when targeted to a defective
silencer or telomere.
Fraction FOAr
0 × USAG 4 × UASG
Strain: rap1-17 adh::4URA3 (UASG)n TEL
Gbd < 10–5 0
Gbd–Rap1 < 10–5 0.43
Gbd–Sir4 < 10–5 0.48
Gbd–Yku70 < 10–5 0.49
Strain: hmr ∆ AE (UASG)n::TRP1
Fraction Trp+
0 × UASG 3 × UASG
Gbd 1.0 1.2
Gbd–Rap1 1.1 1.2 × 10–6
Gbd–Sir4 1.2 1.3 × 10–6
Gbd–Yku70 0.9 1.5 × 10–6
The fractions of FOA-resistant (FOAr) and Trp+ colonies were calculated
by averaging three samples. TPE was measured in strains YG48 and 49;
silencing at HMR was measured in strains YSB1 and YSB2.
S2 Supplementary material
Table S2
List of strains used in this study.
Name Genotype Reference
YG 2 W303-1A MATa [S8]
YG 3 W303-1B MATα [S8]
YG 14 MATα hmr∆A::TRP1 adh4::URA3 TEL This study
YG 345 MATα yku70::LEU2 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 342 MATa yku70::LEU2 rif1::HIS3 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 344 MATa yku70::LEU2 rif2::HIS3 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 511 MATa yku70::LEU2 rif1::HIS3rif2::HIS3 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 270 MATα rif1::HIS3 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 13 MATα rif2::HIS3 hmr∆A::TRP1 adh4::URA3 TEL [S9]
YG 355 MATα rif1::HIS3 rif2::HIS3 hmr∆A::TRP1 adh4::URA3 TEL This study
YG 48 MATα rap1–17 adh4::URA3 4×UASg TEL S. Marcand (personal communication)
YG 49 MATα rap1–17 adh4::URA3 TEL S. Marcand (personal communication)
YG 545 MATα yku70::leu2::TRP1 adh4::URA3 TEL P. Damay (personal communication)
YSB 1 MATα hmr∆AE:: TRP1 gal4::LEU2 [S3]
YSB 2 MATα hmr∆AE:: 3×UASg TRP1 gal4::LEU2 [S3]
KRY 128 MATa/α RIF1 9 MYC-TRP1 This study
